ical to surgical planning to avoid damaging adjacent white matter structures. For a lesion once considered by many to be inoperable or minimally amenable to resection, we were able to achieve a complete resection with an acceptable rate of operative morbidity, and we argued for a central role of surgical intervention in its treatment.
Given the low incidence of these tumors, nuances in management for this region of the brain are still being elucidated while awaiting larger sample sizes and better subclassification. Therefore, in the present report, we provide one of the most robust series yet reported by adding 4 additional patients, 5 additional years of follow-up, and a molecular analysis. The aims of this study were to better define the presentation and disease course of thalamopeduncular tumors, to further evaluate the optimal role and method of surgical intervention, and to explore the molecular characteristics of these tumors that may correlate with clinical features and provide novel therapeutic targets.
Methods

Patient Cohort
Between 2003 and 2014, 13 children were identified who presented with thalamopeduncular syndrome of childhood, characterized as a progressive spastic hemiparesis caused by a tumor at the interface of the thalamus and cerebral peduncle. Children were referred to the combined brain tumor program at St. Jude Children's Research Hospital and Le Bonheur Children's Hospital in Memphis; many were transferred after undergoing varying degrees of diagnosis and treatment elsewhere. Both retrospective and prospective data collection was approved by the Institutional Review Boards of the University of Tennessee Health Science Center and St. Jude Children's Research Hospital. Only tumors of pilocytic astrocytoma histology were included, which excluded a patient with fibrillary astrocytoma who presented with this clinical syndrome. Patients with neurofibromatosis were also excluded. Patients 1 through 9 in the present series correspond to patients 1, 2, and 4 through 10 in our previous case series. 4 Patient 3 in that previous series was the case of fibrillary astrocytoma that is herein excluded.
Clinical Variables
As a part of their clinical evaluation and management, detailed MRI information was obtained, as previously detailed. 4 In all except the first patient, this included tractography achieved via diffusion tensor imaging (DTI) to the planned surgical approach. Parameters of imaging acquisition and analysis have also been detailed previously. 4 Imaging studies were retrospectively reviewed, specifically for determining the relationship of the tumor to the corticospinal tract (CST) and other critical adjacent white matter structures. Medical records were reviewed for patient demographics, clinical presentation, treatment parameters, surgical approach, neurological outcome, and disease progression. Only limited details about chemotherapeutic regimens received before the patients presented to our center were obtainable through retrospective review and are noted in the article accordingly. Clinical follow-up was carried through August 1, 2016. For patients without recent follow-up data in their medical record, we contacted patient families via telephone in concordance with our IRB-approved protocol.
Molecular Testing
Formalin fixed, paraffin-embedded tissue samples were obtained and tested for the presence of BRAF V600E point mutation and KIAA1549-BRAF fusion in 12 of the 13 cases. KIAA1549-BRAF fusion status was determined first by fluorescence in situ hydridization (FISH) for the 7q34 duplication, then confirmed by reverse transcription polymerase chain reaction (RT-PCR) and Sanger sequencing when possible. These methods have also been detailed previously. 46 BRAF V600E status was determined by RT-PCR and Sanger sequencing, using previously validated and published primers. 46 Additional molecular genetic data were available for 6 cases from the Pediatric Cancer Genome Project (PCGP) and are included with permission. 
Results
Clinical Presentation
All children in this series presented with varying degrees of progressive spastic hemiparesis, resulting from mass effect of the tumor (Table 1) . Ages ranged from 2 to 15 years (median 7 years), with 5 female and 8 male patients. Headache was a notable contributing symptom in 4 patients (31%), and 1 (7.7%) patient experienced nausea and vomiting from raised intracranial pressure due to hydrocephalus. Six patients had not undergone any intervention prior to presentation. One patient had previously undergone shunt placement due to large tumor size and symptomatic hydrocephalus. Two of the patients had received a diagnostic biopsy and were subsequently referred to our center. Two patients had undergone biopsies and treatment with chemotherapy (carboplatin and vincristine) but were then referred to our center after progression of disease. Another 2 patients had undergone pre-referral subtotal resections, followed by chemotherapy and subsequent disease progression. In total, all 4 patients who underwent chemotherapy prior to presentation to our program experienced disease progression that required definitive surgical management.
Relationship to CSTs and Surrounding Structures
On retrospective review of preoperative DTI tractography studies obtained in the available 12 cases (not performed in patient 1), the ipsilateral CST was displaced laterally in 1 case (8.3%), medially in 1 case, and anterolater-ally in 10 cases (83%) ( Table 2 ). In no case was the CST displaced posteriorly. With gradual enlargement of the tumors, they appeared to displace the thalamus superiorly after growing across the ambient cistern. The optic tract was always displaced laterally. In cases where the tumor extended along the length of the peduncle into the posterior fossa, the third cranial nerve was stretched inferiorly.
Surgical Approaches and Outcomes
The first patient in the series, presenting before we had acquired the DTI/tractography software, experienced worsening hemiparesis after resection (Table 2 ). Because the tumor had grown into the temporal horn of the lateral ventricle, a transsylvian approach was used and GTR was achieved. The worsening hemiparesis could not be explained by postoperative imaging, but we suspect his motor tracts had been displaced anterolaterally. In subsequent cases, tractography was used to assess the relationship of the CSTs to the tumor in an attempt to avoid this outcome. The second patient had undergone prior subtotal resec- Recurrence; GTR yielded disease-free status CN = cranial nerve; EOR = extent of resection; FU = follow-up; ION = intranuclear ophthalmoplegia; MTG = middle temporal gyrus; RT = radiation therapy. * Direction of CST displacement as measured by DTI was determined in all patients except the first. After the first patient, a transcortical approach through the middle temporal gyrus was used to avoid the CSTs unless a previous approach had already been attempted (as in Patients 2 and 6) or a staged resection was necessary (as is Patient 11). Persistent complications from resection at our institution are listed when present. Follow-up duration was calculated as time from surgery to most recent follow-up MRI. † Number in parentheses is case number from previous publication. ‡ Homonymous hemianopsia complication occurred after the second surgery.
tion at another institution; the surgery had been performed via a frontal transcortical approach that resulted in transient aphasia and spastic hemiparesis. On presentation to our institution, tractography demonstrated a completely disrupted CST, so a transsylvian approach was again used, which allowed for GTR without affecting speech function or worsening the existing hemiparesis. The third patient presented without having undergone any prior intervention, so tractography was performed for surgical planning. With anterolateral displacement of the CST, a transcortical, transchoroidal approach through the middle temporal gyrus was designed. GTR was achieved without complication and the patient recovered motor function significantly. In the subsequent 10 cases, the CSTs were displaced anterolaterally in 8, medially in 1, and laterally in 1. For the anterolaterally and medially displaced cases, a middle temporal gyrus approach was used consistently (Figs. 1 and 2 ), allowing for GTR in 6 of those 9 (78%). However, this approach could not be used in the 1 case with lateral displacement (Patient 6). A transfrontal approach had been attempted in Patient 6 at another institution 6 months prior, resulting in subtotal resection (70%-80% remaining) and progression despite the surgery and chemotherapy, so the old resection tract was used. GTR was achieved on second resection without complication.
In all, 10 patients have undergone resection transcortically through the middle temporal gyrus. The rate of GTR was 70% (7 of 10) with this approach. Of the 3 cases of subtotal resection, 1 case (Patient 8) had a multifocal tumor that could not be cured surgically, 1 (Patient 9) had infiltrative features and a small residual tumor on postoperative imaging, and 1 (Patient 12) had an atypically large tumor for which GTR was not attempted, but a 95% resection was achieved. Two cases (20%) resulted in damage to the third cranial nerve; 2 (20%) suffered damage to the optic tract, resulting in homonymous hemianopia; and 1 (10%) resulted in tremor. Five (50%) of 10 patients had no complications from the middle temporal gyrus approach. One patient (10%) had an unexplained ipsilateral ischemic optic neuropathy.
With current appreciation for frequent anterolateral displacement of the CST by these tumors, we retrospectively concluded that the CST was most likely inherently damaged from our transsylvian approach in Patient 1. There were no further cases of persistent worsening in paresis postoperatively after tractography was implemented in the preoperative planning process. Although patients consistently experienced worsening of their hemiparesis immediately after surgery, with sufficient follow-up they returned to their preoperative status or better.
Intraoperative MRI (iMRI) was available for the last 4 patients in the series. In Patients 10 and 13, iMRI revealed residual tumor after initial resection and allowed for GTR. In Patient 11, a 2-stage surgery was designed up front, knowing that a retromastoid approach would be necessary on second stage to reach portions of the tumor not amenable to a transcortical trans-choroidal approach.
BRAF Status
Of the 12 tumors tested (not tested in Patient 2 due to insufficient material), 10 (83%) were positive for the KIAA1549-BRAF fusion (Table 3 ). None of the 11 tumors tested (2 patients were not tested due to insufficient material) were positive for BRAF V600E point mutation-a mutation that is mutually exclusive to BRAF fusion-by RT-PCR. Of the 2 KIAA1549-BRAF fusion negative tumors, 1 was a unique multifocal tumor that was debulked but could not be cured surgically (Patient 8). In the other, Patient 9, the lesion appeared to be unifocal, as is typical for this series, but had some infiltrative characteristics as well.
Progression and Recurrence
Follow-up data were obtained for 12 of 13 patients (Table 2). The mean and median times from surgery to most recent follow-up were 50.9 and 33.5 months, respectively (range 4.1-146.9 months). No patients had died of their disease in the follow-up period. Only 2 (17%) of 12 patients required further treatment for progression or recurrence of disease. Patient 11 had progression within the first 2 years and was treated with radiation therapy. The tumor has been stable on imaging for 5 years of follow-up. Patient 13 was noted to have several nodules of recurrence in the original resection cavity approximately 6 months after initial GTR. The recurrence was managed with additional GTR, and the patient is thus far disease free. None of the other 10 patients had recurrence or progression of disease on follow-up, and therefore did not receive any further treatment after surgery. Among those patients with at least 2 years between surgery and most recent imaging, rate of recurrence or progression was also 17% (1 of 6).
Discussion Disease Presentation and Behavior
The tumors in this series classically present with progressive spastic hemiparesis from mass effect on the CSTs, which has been termed "thalamopeduncular syndrome of childhood." Homonymous hemianopia and ptosis/ophthalmoplegia are less common presenting symptoms that can also occur with respective mass effect on the optic tracts and oculomotor nerves. In our previous report, we noted headache as a presenting feature in 2 cases. 4 In 1 of those cases, hydrocephalus was present on preoperative imaging, and symptoms from increased intracranial pressure would likely have arisen had surgery not been performed. In 2 patients whom we have treated since that last publication, symptomatic hydrocephalus was a presenting symptom in addition to hemiparesis. Patient 11 had hydrocephalus that improved with steroid administration. Patient 12 had symptomatic obstructive hydrocephalus that produced nausea and vomiting. He had an especially large tumor that could not be completely resected, and his hydrocephalus was treated with ventricular shunting. Of note, this patient presented from a developing country and had an extended time between neurological symptom onset to surgical intervention. While not a characteristic feature in the presentation of thalamopeduncular tumors, symptomatic hydrocephalus will occur with sufficient tumor progression.
Consistent with pediatric low-grade gliomas (LGGs) elsewhere in the neuraxis, thalamopeduncular tumors are generally not curable with conventional chemotherapy. All 4 tumors in this series treated with chemotherapy progressed and eventually needed definitive surgery, regardless of whether the tumor was previously debulked and subtotally resected. While there exists the possibility of a referral bias such that only the patients whose tumors failed chemotherapy presented to our institution, it is well established that cure rates with conventional chemotherapy in low-grade glioma range from 0% to 10%. 3, 12, 14, 27, 30 Use of chemotherapy and radiation therapy in treating pediatric LGGs-even when successful-also produces long-term sequelae, including neurocognitive deficits and endocrinopathies. 1, 12 For these reasons, weighed with the advances in preoperative imaging and surgical technique described herein, the treatment priority at our institution is surgical removal-at least until newer agents with favorable side effect profiles are successfully applied to this tumor type.
Surgical Approach and Outcomes
The results of this case series reflect success in the surgical treatment and cure of pediatric thalamopeduncular tumors. Evaluation of the tumor's relation to adjacent white matter structures is critical in surgical planning, particularly the CSTs, oculomotor nerve, and optic tract. All patients are assessed preoperatively with DTI tractography for this purpose. In a majority of cases, the tumor displaces the CST anterolaterally or medially. For these patients, a transcortical approach through the middle temporal gyrus avoids this structure and allows for a high rate of GTR with minimal complications. The third cranial nerve was injured twice among the 10 patients in whom the middle temporal gyrus approach was used: in one case, it was inadvertently sacrificed because it was indistinguishable from the tumor capsule, and in the other case there was transient palsy secondary to manipulation during resection because the nerve was stretched around the tumor in the ambient cistern. Homonymous hemianopia was a complication in 3 patients-a transsylvian approach was used for 1 case (Patient 2) and a middle temporal gyrus approach in 2 cases. Overall, our rate of persistent neurological complications from surgery with a transcortical middle temporal gyrus approach was 50% (5 of 10).
Of the 3 cases of subtotal resection, 2 were not targeted for surgical cure due to unusually large size in one and multifocal nature in the other. In the third case, however, small residual tumor was noted on postoperative imaging. If iMRI had been available for that case, GTR at first surgery might have been possible. In 2 others cases, intraoperative scans revealed residual disease that was then resected to achieve GTR within the same procedure. This modality has great utility in tumor surgery, particularly those cases in which tumors are in deep and surgically challenging locations where the surgeon can err on the side of caution and still achieve GTR when possible.
Only 1 patient (Patient 13) underwent surgery for recurrence. This patient was asymptomatic but had several nodules of local recurrence and a glial cyst noted on MRI that were excised 7 months after initial GTR. On second surgery, near-total resection was achieved, and MRI 9 months later showed a decrease in the area of enhancement. Unfortunately, he suffered homonymous hemianopsia as a consequence of the second surgery. Another patient (Patient 8) required radio-and chemotherapy for progression of atypical multifocal disease 2 years after surgery. As of last contact 5 years later, this patient's disease was stable on imaging. Although he required chemotherapy, radiotherapy, and resection, Patient 8 has been progression free for 5 years, despite having an atypical multifocal tumor. In all, these results argue that aggressive resection of these tumors through the middle temporal gyrus approach provides an excellent rate of disease control.
Molecular Features
While classification of pediatric LGGs has been largely based on histopathology, this strategy performs poorly for predicting biological behavior. 33 Recent efforts have focused on molecular characterization, identifying lesions in the mitogen-activated protein kinase (MAPK) pathway as the unifying driver mechanism in pediatric LGGs. 18, 32, 46 One such lesion, KIAA1549-BRAF fusion, is recurrent in pediatric pilocytic astrocytomas. 6, 9, 19, 23, 35, 36 In the initial results of the PCGP-a whole-genome sequencing collaboration between St. Jude Children's Research Hospital and Washington University in St. Louis-75% of the 90 pilocytic astrocytomas tested were KIAA1549-BRAF fusion positive. 46 In that series, 42 (89%) of 45 infratentorial (brainstem and cerebellar) pilocytic astrocytomas were fusion positive, and 21 of 37 (57%) supratentorial (cerebral cortical and diencephalic) pilocytic astrocytomas were fusion positive. More specifically, brainstem tumors were 80% positive compared with 59% of diencephalic lesions.
The high rate of fusion positivity among the thalamopeduncular pilocytic astrocytomas in this series (83% [10 of 12] ) is more consistent with rates seen at an infratentorial or brainstem location. Given also the observed high rate of anterolateral displacement of the CSTs on DTI (83% [10 of 12] ), the molecular and radiological data together suggest a mesencephalic rather than diencephalic origin for this tumor subgroup. Although often classified with thalamic tumors, perhaps thalamopeduncular tumors warrant a subclassification of their own and further investigation into their site of origin, which as of now remains unclear. More clearly and consistently sub-classifying these tumors would likely improve academic communication regarding successes and failures in treatment.
Six of the tumors in this series had been previously included in the LGG cohort of the PCGP. 46 Interestingly, 1 of the 2 thalamopeduncular tumors (Patient 9) negative for KIAA1549-BRAF fusion was found in the PCGP to have a FGFR1-TACC1 fusion, an uncommon lesion that substantially activated both MAPK/ERK and PI3K pathways in the tumor. 46 This patient's tumor was discovered 10 years prior to surgery after a seizure and did not cause appreciable hemiparesis until soon before presentation for surgery. Interestingly, the tumor was noted in the operative report to have superior elements that blended with inferior thalamus parenchyma, suggesting the thalamus as site of origin. Retrospectively, the preoperative imaging also showed some evidence of infiltrative aspects of the lesion, and the pathology report noted features of increased aggressiveness. This tumor also harbored a TMPRSS11D:p. R6S point mutation. None of the other 5 tumors included in the PCGP had significant lesions noted other than KIAA1549-BRAF fusion. The other tumor in our series that was negative for KIAA1549-BRAF fusion (Patient 8) did not have sufficient tissue for any additional molecular testing. This was the unique multifocal tumor that progressed after chemotherapy and surgery and required radiation therapy. The atypical characteristics of these 2 KIAA1549-BRAF fusion-negative cases suggest a correlation between molecular profile and tumor behavior, despite carrying the same histopathological diagnosis and presenting in the same location. However, no conclusions on this can be drawn until a larger sample size is collected.
Implications for Therapy and Future Directions
These tumors represent a subtype of pediatric LGG that is surgically challenging and has been previously considered incurable or not amenable to GTR. However, with careful planning and the correct approach, these tumors can be cured surgically, in most cases sparing the child from chemotherapy and radiation therapy. In the minority of cases where cure cannot be achieved surgically, the high rate of BRAF fusions and additional MAPK pathway lesions provides an alternative vulnerability for treatment and may replace conventional chemotherapy and radiotherapy. With advances in precision medicine, significant efforts are underway in designing and testing targeted therapies in pediatric LGGs based on the genetic landscape of the individual tumor. The current status of these efforts has been well reviewed recently. 33 Of relevance, initial trials of selectively targeting BRAF signaling in KIAA1549-BRAF fusion-positive LGGs with traditional selective small molecule inhibitors, like vemurafenib, actually caused paradoxical activation of the MAPK pathway. This is because, in the case of KIAA1549-BRAF, the fusion drives growth by signaling as a constitutive homodimer. A second generation of "paradox-breaking" inhibitors has since been developed and is able to inhibit BRAF fusion signaling in part through disruption of this dimerization. 37, 45 Their application specifically to the
KIAA1549-BRAF fusion and to pediatric
LGGs remains to be tested, but offers promise. At the moment, V600E mutations are the only BRAF lesions being targeted in pediatric LGGs (clinical trial no. PNOC-002). As shown in our series, thalamopeduncular tumors do not display this lesion, as it is characteristic in supratentorial pilocytic astrocytomas, pleomorphic xanthoastrocytomas, and gangliogliomas. 9, 35 However, alternative targets downstream of BRAF are currently being evaluated, such as MEK and mTOR (clinical trial nos. NCT01089101, NCT02124772, NCT00831324, and NCT00955773). 21, 44 Exploiting targets downstream of BRAF will be applicable for thalamopeduncular tumors with less common lesions, like the FGFR1-TACC1 fusion identified in Patient 9, or in cases where a specific lesion cannot be identified but the BRAF pathway is the assumed culprit.
Conclusions
Pilocytic astrocytomas occurring at the interface of the thalamus and cerebral peduncles have been challenging to manage, both surgically and otherwise. Transcorticaltranschoroidal resection of thalamopeduncular tumors through the middle temporal gyrus allows for a high rate of GTR and disease control with surgical morbidity that is improving as experience is gained. DTI is a critical component of the preoperative planning process to determine the location of white matter tracts in proximity, thus dictating surgical approach. To aid in management, molecular status may correlate with clinical features, and the presence of recurrent BRAF lesions offers an additional target for future novel therapeutics. Because surgical intervention at this anatomically challenging location will always pose some degree of risk, the ideal future approach for these children will require further molecular exploration and subsequent exploitation of individualized targets with agents that have minimal sequelae.
